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1 6  Abstract  
This  r e  o r t  d e a l s  w i t h  (1) t h e  i n f l u e n c e  of  wheel d e c e l e r a t i o n  r a t e  
on t h e  b r a  ! i n g  f o r c e  produced by pneumatic  t i r e s  and ( 2 )  numerics  f o r  
e v a l u a t i n g  t h e  l a t e r a l  f o r c e  performance o f  pneumatic  t i r e s .  I t  i s  
found t h a t  t h e  maximum b r a k i n g  f o r c e  o b t a i n e d  from p a s s e n g e r ' c a r  t i r e s  
o p e r a t e d  on wet s u r f a c e s  can be  s i g n i f i c a n t l y  a f f e c t e d  by wheel 
d e c e l e r a t i o n  r a t e .  
Three numerics  have been chosen t o  p r o v i d e  a  s a f e t y - r e l e v a n t  
condensa t ion  o f  t i r e  l a t e r a l  f o r c e  d a t a .  These numerics  a r e  (1) 
c o r n e r i n g  s t i f f n e s s  a t  r a t e d  l o a d  and i n f l a t i o n  p r e s s u r e ,  ( 2 )  maxi- 
mum l a t e r a l  f o r c e  a t  40 mph on r e p r e s e n t a t i v e  wet s u r f a c e s  and (3)  
t h e  r a t e  of change of maximum l a t e r a l  f o r c e  e v a l u a t e d  a t  40 mph on 
t h e  same wet s u r f a c e s .  
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INTRODUCTION 
This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  and f i n d i n g s  o b t a i n e d  i n  
a  r e s e a r c h  s t u d y  e n t i t l e d  "Two Problems i n  T i r e  Shear  Force 
E v a l u a t i o n :  (1) The I n f l u e n c e  of  Wheel D e c e l e r a t i o n  Rate on 
Braking Force and ( 2 )  A Methodology f o r  Obta in ing  T i r e  S ide  
Force Numerics." This s t u d y  was completed by t h e  Highway S a f e t y  
Research I n s t i t u t e  (HSRI) of  The U n i v e r s i t y  o f  Michigan f o r  t h e  
S a f e t y  Research Laboratory (SRL) of  t h e  Na t iona l  Highway T r a f f i c  
S a f e t y  Admin i s t r a t ion .  
Each of  t h e  problems r e f e r r e d  t o  i n  t h e  t i t l e  o f  t h i s  s tudy  
i s  r e l a t e d  t o  t h e  g e n e r a l  problem of q u a n t i f y i n g  t i r e  s h e a r -  
f o r c e  performance.  N e v e r t h e l e s s ,  t h e s e  two problems r e p r e s e n t  
d i s t i n c t l y  d i f f e r e n t  t e c h n i c a l  c h a l l e n g e s .  Consequent ly,  t hey  
have been t r e a t e d  s e p a r a t e l y  i n  t h i s  p r o j e c t .  Accordingly ,  t h i s  
r e p o r t  i s  d i v i d e d  i n t o  two p a r t s  e n t i t l e d :  "Pa r t  I ,  The I n f l u e n c e  
of Wheel D e c e l e r a t i o n  Rate on Braking Force" and "Pa r t  11, 
T i r e - T r a c t i o n  Grading Numerics D e s c r i p t i v e  of T i r e  S ide-Force  
C h a r a c t e r i s t i c s  ."  
The p r i n c i p a l  f i n d i n g  of  t h e  s t u d y  of t h e  i n f l u e n c e  of wheel 
d e c e l e r a t i o n  r a t e  on b rak ing  f o r c e  i s  t h a t  t h e  maximum brak ing  
f o r c e  produced by passenger  c a r  t i r e s  on we t - road  s u r f a c e s  can 
be s i g n i f i c a n t l y  a f f e c t e d  by wheel d e c e l e r a t i o n  r a t e .  This  
f i n d i n g  d e r i v e s  from t e s t  r e s u l t s  o b t a i n e d  w i t h  t h e  HSRI mobile 
t i r e  t e s t e r .  A s e a r c h  of t h e  l i t e r a t u r e  has  r e v e a l e d  t h a t  no 
exper imen ta l  r e s u l t s  have been p u b l i s h e d  comparable t o  t h e  d a t a  
o b t a i n e d  i n  t h i s  t e s t  program. Thus, t h i s  s t u d y  appears  t o  be 
unique .  
In  P a r t  1 1 ,  t h r e e  numerics a r e  chosen t o  p rov ide  a  r a t i o n a l  
condensa t ion  of f r e e - r o l l i n g  l a t e r a l  t i r e  f o r c e  d a t a .  These 
numerics a r e  : (1) co rne r ing  s t i f f n e s s  , C a ,  ( 2 )  maximum l a t e r a l  
f o r c e ,  MLF, and (3)  t h e  r a t e  of change of MLF w i t h  r e s p e c t  t o  
v e l o c i t y .  
The c o r n e r i n g  s t i f f n e s s  numeric  was s e l e c t e d  because  o f  i t s  
importance t o  d i r e c t i o n a l  c o n t r o l  i n  normal d r i v i n g ,  The maximum 
l a t e r a l  f o r c e  (MLF) and t h e  r a t e  o f  change o f  MLF w i t h  r e s p e c t  
t o  v e l o c i t y  a r e  p i cked  t o  d e f i n e  t h e  l i m i t  o f  t i r e  t r a c t i o n  on 
wet s u r f a c e s ,  a l i m i t  which i s  known t o  be v e l o c i t y  s e n s i t i v e .  
No scheme was found whereby a  s i n g l e  numeric  was f e l t  t o  be  
s u f f i c i e n t  t o  g rade  t i r e  t r a c t i o n  on wet s u r f a c e s  f o x  speeds  from 
2 0  t o  55 mph. Consequent ly,  two numer ics ,  MLF a t  40 rnph and t h e  
r a t e  of  change of MLF w i t h  r e s p e c t  t o  v e l o c i t y  a t  40 mph, hzve 
been chosen.  A l l  t h r e e  of  t h e s e  numerics  a r e  found t o  be  
independent  of  each o t h e r .  
These f i n d i n g s  a r e  p r e s e n t e d  and d i s c u s s e d  i n  d e t a i l  i n  
P a r t s  I and 11, r e s p e c t i v e l y ,  which f o l l o w .  
PART I  
THE INFLUENCE OF WHEEL DECELERATION RATE ON BRAKING FORCE 
The s u b j e c t  i n v e s t i g a t i o n  c o n s i s t e d  of  two tasks-a 
l i t e r a t u r e  su rvey  and an exper imen ta l  s t u d y .  The f i n d i n g s  o b t a i n e d  
i n  each t a s k  a r e  p r e s e n t e d  below. 
1.1 RESULTS OF THE LITERATURE SURVEY 
The f o l l o w i n g  s u b j e c t  headings  were examined i n  t h e  c a r d  
c a t a l o g  of  t h e  HSRI l i b r a r y * :  t i r e  l o n g i t u d i n a l  f o r c e ,  t i r e  
b r a k i n g  f o r c e ,  t i r e  dynamics,  t i r e  f r i c t i o n ,  t i r e  t r a c t i o n ,  t i r e  
mechanics ,  t i r e  s h e a r  f o r c e ,  a n t i l o c k i n g  b r a k e  sys t ems ,  and a n t i -  
s k i d  b r a k e  c o n t r o l s .  
Of t h e  approximate ly  450 document t i t l e s  under  t h e s e  s u b j e c t  
h e a d i n g s ,  5 4  were s e l e c t e d  f o r  r e a d i n g .  These documents were 
chosen (on t h e  b a s i s  o f  t h e i r  t i t l e s )  a s  p o s s i b l y  c o n t a i n i n g  some 
r e s e a r c h  i n t o  t h e  e f f e c t s  o f  wheel a n g u l a r  d e c e l e r a t i o n  on 
b r a k i n g  f o r c e  a s  a  p a r t  o f  t h e i r  major  t o p i c .  No pape r  was found 
t h a t  d e a l t  s p e c i f i c a l l y  w i t h  t h e  d e s i r e d  s u b j e c t .  Of t h e  54 
pape r s  r e a d ,  only  t h r e e  c o n t a i n e d  any s t a t e m e n t  r e f e r r i n g  t o  l o c k -  
up r a t e ,  and none of  t h e s e  were q u a n t i t a t i v e .  
These t h r e e  s t a t e m e n t s  a r e :  "No s t a b i l i z e d  p l a t f o r m  was used 
f o r  t h e  d e c e l e r a t i n g  v e h i c l e  no r  was t h e  b r a k i n g  r a t e  op t imized . "  
[ I ] ;  "To a l low t h e  measuring dece le romete r  t o  respond t o  t h e  
t r a n s i e n t  maximum d e c e l e r a t i o n  o c c u r r i n g  p r i o r  t o  wheel l o c k  
t h e  b r a k e s  must be  a p p l i e d  s l o w l y ,  i n  a  c o n t r o l l e d  manner." 121; 
"Approach t e s t  s u r f a c e  a t  speed  s l i g h t l y  h i g h e r  t h a n  t e s t  speed ,  
s h i f t  t o  n e u t r a l ,  t u r n  on r e c o r d e r ,  and then  apply  f r o n t  b rakes  
s lowly  (112 t o  1 second t o  lockup) u n t i l  f r o n t  wheels  lock  a t  
t e s t  speed ."  [ 3 ] .  I n  a d d i t i o n ,  Reference  [ I ]  r e f e r s  t o  " r a t e  of 
b r a k e  lock-up"  a s  a  s o u r c e  o f  expe r imen ta l  e r r o r  i n  measuring 
b r a k i n g  t r a c t i o n  by means of e i t h e r  v e h i c l e  o r  t r a i l e r  t e s t i n g .  
*A l i b r a r y  c o n t a i n i n g  more than  3 0 , 0 0 0  documents r e l a t e d  t o  
highway s a f e t y  and which endeavors  t o  m a i n t a i n  an e x h a u s t i v e  
c o l l e c t i o n  i n  t h e  a r e a  o f  t i r e  mechanics .  
The above remarks i n d i c a t e  t h a t  wheel a n g u l a r  d e c e l e r a t i o n  
i s  sometimes c o n s i d e r e d  i n  a  t e s t  p l a n .  Indeed ,  t h e  i m p l i c a t i o n  
i n  Reference  [ I ]  i s  t h a t  t h e  a u t h o r  has  expe r i enced  d a t a  
v a r i a b i l i t y  due t o  va ry ing  r a t e s  o f  wheel lock-up .  I n  summary, 
however, t h e  l i t e r a t u r e  su rvey  produced no d i r e c t  i n f ~ r m a t i o n  on 
t h e  e f f e c t s  of  wheel a n g u l a r  d e c e l e r a t i o n  on b r a k i n g  f o r c e .  
1 . 2  EXPERIMENTAL INVESTIGATION 
1 . 2 . 1  MEASUREMENT PROCEDURE.  The t e s t  program c o n s i s t e d  
of g a t h e r i n g  peak b r a k i n g  f o r c e  d a t a  on s i x  d i f f e r e n t  t i r e s  on 
t h r e e  w e t t e d  s u r f a c e s  a t  f i v e  d i f f e r e n t  l i n e a r  r a t e s  o f  lock-up  
( i . e . ,  r a t e  o f  change of l o n g i t u d i n a l  s l i p ) .  E igh t  t o  t e n  
r e p l i c a t i o n s  were made a t  each lock-up  r a t e .  The s p e c i f i c  t e s t  
c o n d i t i o n s  a r e  t a b u l a t e d  below: 
Measurement Device : HSRI mobi le  t i r e  t e s t e r  ( a  d e s c r i p t i o n  and 
c a l i b r a t i o n  d a t a  a r e  c o n t a i n e d  i n  Appendix I )  
T i r e s :  The s i x  t i r e s  p rov ided  by SRL a r e  l i s t e d  below: 
SRL Code # S i z e  
MI-17 G78-15 
ZM- 5  750-14 
AM- 19 G60-15 
FM- 3 8 .0 /28 .0  
x 15  
M a n u f a c t u r e r ' s  
R i m  - Load PSI - Nomenclature - 
1 5  x  6 1150 2 4  Goodyeas Custom 
Power Cushion 
P o l y g l a s  
1 5 x 6  1150 2 4  S e a r s  A l l s t a t e  
R a d i a l  
15 x 6 1150 24 F i r e s t o n e  500 
7 8  P o l y e s t e r  
1 4  x 5 1100 2 4  P rev ious  ASTM s t a n d a r d  
t i r e  ( f a b r i c a t e d  by 
Genera l  T i r e )  
15  x 7 1150 24 Goodyear Custom 
Widetrcad P o l y g l a s  GT 
15  x 6 1150 24 MEH Racemaster 
Drag S l i c k  
Compound 330 
S u r f a c e s :  Three 2 4 '  x  6 0 0 '  " sk id  pads" l o c a t e d  a t  t h e  Texas 
T r a n s p o r t a t i o n  I n s t i t u t e .  These "pads" c o n s i s t e d  o f  
a P o r t l a n d  cement c o n c r e t e  s u r f a c e  (SN40 = . 4 0 L ) ,  a  
j e n n i t e  covered a s p h a l t  s u r f a c e  (SNOO = , 1 3 9  aad a  
c rushed  g r a v e l  h o t  mix ( c a l l e d  a s p h a i t  i n  t h i s  repor;)  
(SN40 = . 4 7 * ) .  
Speed: 40  rnph 
Water Depth: . 0 2  i n c h  ( a s  o b t a i n e d  from a c a l c u l a t e d  del l ; -cry 
of on-board  w a t e r )  
Nominal -- Lock-up Times - [ i . e . ,  t imes  r e q u i r e d  t o  l i n e a r l y  t r a v e r s e  
from 0 t o  100% l o n g i t u d i n a l  s l i p ) :  . 5 ,  . 8 ,  1 . 2 ,  2 . 4  s e c w d s  
and a f i x e d  l o n g i t u d i n a l  
s l i p  c o n d i t i o n  l a s t i n g  
approximate ly  seven  seconds * *  
(Because of  t h e  wide ly  v a r y i n g  demands p l a c e d  on t h e  h y d r a u l i c  
d r i v e  sys tem by d i f f e r e n t  t i r e -pavement  combinat ions ,  t h e  measured 
lock-up  t i m e s ,  as  de termined from t h e  o s c i l l o g r a p h  r e c o r d i n g ,  
were u s u a l l y  c o n s i d e r a b l y  d i f f e r e n t  from t h e s e  nominal v a l u e s ,  
The t imes  o b t a i n e d  f o r  t h e  r e p l i c a t i o n s  w i t h i n  each i n d i v i 6 x a l  
t i r e - p a v e m e n t  combinat ion ,  however, were c o n s i s t e n t  t o  z . 3 2  
s econd . )  
A complete  s e t  of  measurements on one t i r e  was made w i t h i n  
a  2 -  o r  3-hour  t ime span by p roceed ing  from t h e  f a s t e s t  lock-up  
r a t e  t o  t h e  s l o w e s t ,  o b t a i n i n g  t h e  d e s i r e d  number of  r e p l i c a t i o n s  
a t  each r a t e .  
*These s k i d  numbers were o b t a i n e d  by t h e  mobile  t i r e  t e s t e r ,   sing 
t i r e  Z M - 5 ,  an o l d - s t y l e  ASTM s t a n d a r d  t i r e .  The s k i d  number d a t a  
a r e  p r e s e n t e d  i n  Appendix 2 .  
**Tests  were conducted a t  approximate ly  s i x  d i f f e r e n t  v a l u e s  a %  f i x e d  
l o n g i t u d i n a l  s l i p  w i t h  t h e  d a t a  b e i n g  p l o t t e d  t o  d i s c e r n  t h e  
maximum b r a k i n g  f o r c e  produced under  s t e a d y  s l i p  c o n d i t i o n s .  
1 . 2 . 2  gATR ANALYSIS PROCESTJRES. Thz v a l u e s  o i  ~iaximum 
b r a k i n g  f o r c e ,  Fx sh t a i i l ed  f o r  --- each - t i . re-paxement- lc1: 'k-up 
i - 
r a t e  combinat ion were ana lyzed  t o  y i e l d  t h e  v z l u e .  F x ,  t h e  s t a n -  
d a r d  d e v i a t i o i l ,  3: and t h e  s t a n d a r d  d e ~ i . a : i u : ~  L.:' : , l ib  mean, 6 . 
11; 
The s t a n d a r d  d e v i a t i o l l  1 ~ 3 . ~  cornis , l e d  acr-.,:ding to 




n - l  
where 
n = number of  r e p l i c a t i o n s  a t  e s c h  t e s r  c s n d i t i o n .  
The s t a n d a r d  d e v i a t i o n  o f  t h e  mean ( f r e q u e n t l y  c a l l e d  t h e  
" s t a n d a r d  e r r o r " )  was c a l c u l a t e d  from 
I t  s h o u l d  be  r e c a l l e d  t h a t  i f  a  new mean were t o  be  o b t a i n e d  
from a d d i t i o n a l  t e s t i i l g ,  t h e r e  i s  a. 9 5 %  p r o b a b i l i t y  t h a t  I t  w i l l  
f a l l  i n  a  band i 231,! c e n t e r s d  about  t h e  p r e v i o u s  mean. 
The above q u a n t i t i e s  were n o t  c a l c u l a t e d  f o r  t h e  s t e a d y -  
s t a t e  d a t a ;  r a t h e r ,  tempor23 ave rages  were de t e rmined .  The v a l u e s  
o f  Fx, 8, and f o r  a l l  t i r e - p a v e m e n t - r a t e  conibinarions a re  
c o n t a i n e d  i n  Appendix 3 ,  
I n s p e c t i o n  o f  t h e  daza p r e s e n t e d  i n  =ipl:endix 3 shilws t h a t  
d i f f e r e n t  r a t e s  o f  a ~ g u l a r  d e ~ e l e r a t i  o~ y i  e l i c t :  d i f  t ~ a r e n t  v?lurs 
of  f o r  t h e  same t i r e - p a v e ~ o n t  combina t ion .  I t  i s  9 0 s . - i b l z ,  
however,  t h a t  many of  t h e s e  observed  d i f f ~ ~ s e n c c s  a r e  s i m p l y  d l ~ l e  
t o  t h e  random v a r i a t i o n s  i n  t h e  i n d i v i d u a l  v a l u e s  o f  !:x i ! : ~ k i n g  
i 
up each  mean, r a t h e r  t h a n  b e i n g  due t o  t h e  d i f f e r e n t  e-t.perimental 
" t r e a t m e n t s "  f l o c k - u p  t i m e s ) .  A ~ c o r d i n g 1 . y ~  an an3j.y : i s  o f  
v a r i a n c e  (AhTOVA) was employed t o  show which o f  t h e  gro:rps o f  Yx 
con ta ined  mean va lues  t h a t  were t o o  widely  s e p a r a t e d  t o  be 
a t t r i b u t a b l e  t o  random e r r o r .  ANOVA i s  a  s t a t i s t i c a l  procedure  
which compares t h e  v a r i a t i o n  among means r e s u l t i n g  from d i f f e r e n t  
exper imenta l  t r e a t m e n t s  t o  t h e  v a r i a t i o n  among t h e  i n d i v i d u a l  
va lues  w i t h i n  each t r e a t m e n t .  
One of t h e  assumptions under ly ing  t h e  ANOVA procedure  i s  
t h a t  t h e  popu la t ion  v a r i a n c e s  a r e  equa l .  The re fo re ,  it  i s  
a d v i s a b l e  t o  t e s t  f o r  homogeneity o f  v a r i a n c e  p r i o r  t o  us ing  
ANOVA. I n s p e c t i o n  of t h e  va lues  of  6 i n  Appendix 3 shows t h a t  
t h e  sample v a r i a n c e s  f o r  each t i r e -pavement  combination a r e  no t  
2 numer ica l ly  equa l  ( v a r i a n c e  = 8 ) .  However, t h e s e  sample 
v a r i a n c e s  a r e  only  e s t i m a t e s  of t h e  t r u e  p o p u l a t i o n  v a r i a n c e s .  
Cochran's s t a t i s t i c  [ 4 ] ,  v i z ,  
where 
3 m ax = maximum o f  8. f o r  j = 1 ,  . . . ,  4 3 
was used t o  t e s t  t h e  hypo thes i s  t h a t  t h e  f o u r  p o p u l a t i o n  
v a r i a n c e s  f o r  each t i r e -pavement  combination were equal  a t  t h e  
0 . 0 5  l e v e l  of  s i g n i f i c a n c e .  None of  t h e  hypotheses  could  be  
r e j e c t e d  on t h e  b a s i s  of Cochran 's  t e s t .  T h e r e f o r e ,  t h e  f o u r  
p o p u l a t i o n  v a r i a n c e s  i n  each t i r e -pavement  combinat ion were 
assumed e q u a l ,  and t h e  ANOVA procedure  was c a r r i e d  o u t  us ing  
t h e  s t a n d a r d  F s t a t i s t i c  [4]  a t  t h e  0 . 0 5  l e v e l  of s i g n i f i c a n c e ,  
v i z :  
- v a r i a t i o n  among sample means 
F k - l , ~ - k ,  .OS v a r i a t i o n  w i t h i n  i n d i v i d u a l  samples 
where 
k = t h e  number o f  treatments ( lock-up  t i m e s )  = 4 
N = t h e  t o t a l  number o f  o b s e r v a t i o n s  = nak 
n = t h e  number o f  o b s e r v a t i o n s  p e r  t r e a t m e n t  
k - - 2 c (x, X) 
- 
x = sample mean 
j  
- 
x = grand mean 
k  n  - 2 k 
i r ( x j i - X j )  T: 82 
jz1 i=1 - j=1 I rt - - - 
I k (n-  1) k 
x = i n d i v i d u a l  t e s t  r e s u l t  j i 
The r e s u l t s  u i  t h e  a n a l y s i s  o f  v a r i a n c e  a r e  c o n t a i n e d  i n  
r a b l e  1. Note t h a t  t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  
between mean v a l u e s  o f  peak b r a k i n g  f o r c e  f o r  d i f f e r e n t  l o c k - u p  
r a t e s  f o r  most  t i l -e-pavement  cornbina t.i ons , 
2.1 . I-- ... *The s i m p l i f i c a t i o n  t o  MS1 = cannot  be  made f o r  c a s e s  
where nl = n ?  = . . .  nk  is n o t  t r u e .  
TABLE 1 
RESULTS OF ANOVA 
( X  means d a t a  passed  F t e s t ,  no s i g n i f i c a n t  d i f f e r e n c e s  
between mean v a l u e s ;  F means d a t a  f a i l e d  F t e s t ,  
s i g n i f i c a n t  d i f f e r e n c e s  e x i s t )  
AM-17 
AM-19 
BM- 1 3  
C M - 1 7  
FM- 3  
Z M -  5 
Concre te  J e n n i t e  - Aspha l t  - 
F  F  F 
F F F 
F F  F 
F X F  
X X X 
X X F  
A c l o s e r  examinat ion  o f  Table  1 i n d i c a t e s  t h a t  a  c o r r e l a t i o n  
may e x i s t  between t r e a d  p a t t e r n  and t h e  i n f l u e n c e  of lock-up  
r a t e .  The maximum b r a k i n g  f o r c e  o f  t h e  t i r e  w i t h  no t r e a d  
p a t t e r n ,  i . e . ,  FM-3, was n o t  a f f e c t e d  by changes i n  lock-up  r a t e  
on any s u r f a c e .  The maximum b r a k i n g  f o r c e  o f  t i r e  ZM-5, which 
has  c i r c u m f e r e n t i a l  r i b s  b u t  no s i p e s  o r  k e r f s ,  was a f f e c t e d  by 
lock-up  r a t e  on ly  on t h e  c o a r s e s t  s u r f a c e .  The t i r e s  w i t h  normal 
t r e a d  p a t t e r n s  g e n e r a l l y  e x h i b i t e d  an i n f l u e n c e  of v a r i a t i o n  i n  
l o c k - u p  r a t e  on maximum b r a k i n g  f o r c e .  
The ANOVA p rocedure  merely e s t a b l i s h e s  which t i r e - p a v e m e n t  
combinat ions were a f f e c t e d  by lock-up  r a t e .  A second a n a l y s i s  
p rocedure  i s  n e c e s s a r y  t o  e s t a b l i s h  t h e  minimum s i g n i f i c a n t  
d i f f e r e n c e s  between t h e  va lues  of  Fx w i t h i n  each t i r e - p a v e m e n t  
combinat ion s e l e c t e d  by ANOVA. The Newman-Keuls p rocedure  [ 4 ]  
was chosen t o  compute t h e s e  minimum s i g n i f i c a n t  d i f f e r e n c e s .  An 
example o f  t h e  e n t i r e  s t a t i s t i c a l  p r o c e s s  employed (Cochraa,  
ANOVA, Newman-Keuls), u s i n g  t h e  d a t a  from t i r e  A M - 1 7  on c o n c r e t e ,  
i s  c o n t a i n e d  i n  Appendix 4 .  The r e s u l t s  o b t a i n e d  u s i n g  t h e s e  
p rocedures  a r e  summarized below. 
I n  Table 2 ,  t h e  numbers 1 - 5  r e p r e s e n t  t h e  nomi i~a l  lock-up  
t imes i n  i n c r e a s i n g  o r d e r  of lock-up  t ime ,  i . e . ,  1 - = s h o r t e s t  t ime 
( . 5  s e c . )  and 5 = l o n g e s t  tim.e ( s t e a d y - s t a t e ) .  L ~ r , k - u p  t imes 
u n d e r l i n e d  by a  common l i n e  produced mean va lues  of maximum 
brak ing  f o r c e  t h a t  d i d  n o t  d i f f e r  i n  a  s t a t i s t i c a l l y  s i g n i f i c a n t  
manner; t imes n o t  u n d e r l i n e d  by a  common l i n e  d i d  p r o d ~ ~ c e  
s t a t i s t i c a l i y  d i f f e r e n t  r e s u l t s .  I n  g e n e r a l ,  t h e  1 gck-u:~ t imes 
f c r  each t i r e -pavement  combination f a l l  i n t o  only grc,ups,  
r a t h e r  than each r a t e  producing a  d i s t i n c t l y  d i f f e r e n t  r c s ~ l t .  
A p l o t  of  t h e  d a t a  u t i l i z e d  i n  t h e  Newman-Keuls procedure  is 
p r e s e n t e d  i n  F igure  l a  through l e ,  t o g e t h e r  b<ith iiie r e s u l t s  o f  
t h e  Newman-Keuls a n a l y s i s  as d i s p l a y e d  i n  Tab3.e 2 .  Note t h a t  t h e  
v e r t i c a l  b a r s  r e p r e s e n t  v a r i a t i o n s  of i 23,, ahout t h e  menn v a l u e s .  
TABLE 2 
Concrete  
AM- 1 9  2 1 3 4 5  
BM- 13  5 4 3  2 1 
FM- 3  X 
ZM- 5 X 
J e n n i t e  Aspha1 t 
1 . 2 . 3  DISCUSSION OF RESULTS. I t  appears  t h a t  t h e  naxirnum 
- 
braking  f o r c e ,  F x ,  produced by t y p i c a l  passenger  c a r  t i r e s  ( a s  
t e s t e d  i n  t h i s  program) i s  i n f l u e n c e d  by lock-up  r a t e .  Th.e 
magnitude o f  t h i s  e f f e c t  ranged from about 5 %  f o r  C k l - 1 7  oil 
c o n c r e t e  t o  about 3 3 %  f o r  B M - 1 3  on j e n n i t e .  However, l onge r  
lock-up  t imes l e d  t o  h i g h e r  va lues  of Fx f o r  some t i re -pavement  
combinat ions,  wh i l e  f o r  o t h e r  combinat ions ,  t h e  opposi t c  was 
t r u e .  Thus t h e  r e s u l t s  do n o t  lend  themselves t o  producing 
a  g e n e r a l i z e d  f i n d i n g .  
The most c o n s i s t e n t  f i n d i n g  i s  t h a t  lock-up  t r e a t m e n t s  4 
and 5 ,  t h e  2.4-second and s t e a d y - s t a t e  r e s u l t s ,  produced n e a r l y  
equa l  va lues  of  Fx f o r  a l l  t i r e -pavement  combinat ions .  A l so ,  
i n s p e c t i o n  of  F igures  l a - 3  shows t h a t  t h e  r e s u l t s  may o r d e r  
themselves according  t o  t i r e  c o n s t r u c t i o n .  For  example, t h e  
b i a s  p l y  t i r e ,  BM-13, e x h i b i t e d  t h e  g r e a t e s t  i n f l u e n c e  of  lock-  
up r a t e  on maximum brak ing  f o r c e ;  t h e  r a d i a l  p l y  t i r e ,  CM-17, 
e x h i b i t e d  t h e  l e a s t  i n f l u e n c e  of  lock-up  r a t e ;  t h e  b i a s  - b e l t e d  
d e s i g n s ,  AM- 1 7  and AM- 1 9 ,  e x h i b i t e d  an i n f l u e n c e  whose magnitude 
was somewhere between t h o s e  e x h i b i t e d  by t h e  BM-13 ( b i a s  p l y )  
and t h e  C M - 1 7  ( r a d i a l ) .  
The va lues  of $ r e s u l t i n g  from t r e a t m e n t  1, t h e  f a s t e s t  l o c k -  
up r a t e ,  were d i f f e r e n t  from t h e  v a l u e s  r e s u l t i n g  from t r e a t m e n t s  
4 and 5 f o r  t i r e s  AM-17, AM-19, and BM-13. T i r e  C M - 1 7  e x h i b i t e d  
a "peakingff  phenomenon wherein t h e  v a l u e  o f  Fx produced by an 
i n t e r m e d i a t e  v a l u e  of  lock-up  r a t e ,  t r e a t m e n t  3 ,  was above t h a t  
produced by e i t h e r  f a s t e r  o r  s lower  r a t e s  on a s p h a l t  and c o n c r e t e .  
I n  7 o f  t h e  1 2  e n t r i e s  i n  Table  2 ,  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  
i n  t h e  va lues  o f  fx t h a t  a r e  produced by lock-up  t imes  of  . 5  
and 1 . 2  s econds ,  a  range  o f  lock-up  t imes t h a t  ve ry  l i k e l y  occur  
i n  making b r a k i n g  f o r c e  measurements. 
I n  summary, t h e  r e s u l t s  of t h i s  expe r imen ta l  program show 
t h a t  mean v a l u e s  of  maximum b r a k i n g  f o r c e  g e n e r a t e d  by passenger  
c a r  t i r e s  on wet road  s u r f a c e s  can be  s i g n i f i c a n t l y  a f f e c t e d  by 
wheel a n g u l a r  d e c e l e r a t i o n  r a t e .  On t h e  o t h e r  hand,  i t  i s  n o t  
p o s s i b l e  t o  q u a n t i f y  t h i s  s t a t e m e n t  i n  view of  t h e  r a t h e r  sma l l  
amount of  d a t a  c o l l e c t e d  i n  t h i s  s t u d y .  Much more d a t a  needs t o  
be c o l l e c t e d  and ana lyzed  i f  t h e  e f f e c t s  of  wheel angu la r  
d e c e l e r a t i o n  a r e  t o  be w e l l  d e f i n e d .  I t  a p p e a r s ,  however, t h a t  
l ock-up  r a t e  i s  a  v a r i a b l e  t o  be  reckoned w i t h  i n  t e s t  programs 
s e e k i n g  t o  measure t h e  maximum o r  "peak" b rak ing  f o r c e .  C l e a r l y ,  
if measurements of  maximum brak ing  f o r c e  were t o  be  inc luded  i n  
t h e  t i r e  t r a c t i o n  q u a l i t y  g rad ing  s t a n d a r d s ,  t h e  e f f e c t s  of  
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APPENDIX 1 
HSRI MOBILE T I R E  TESTER 
The HSRI mobile  t i r e  t e s t e r  c o n s i s t s  c f  a r e t r a c t a b l e  t e s t  
wheel mounted on t h e  r e a r  of a  modif ied  tandem-axle commercial 
t r a c t o r  (shown on t h e  nex t  page) which s e r v e s  es the  t e s t  bed.  
The t e s t  wheel accommodates t i r e s  i n  a  s i z e  range 6 . 4 5 - 1 4  t o  
9 .15-15.  A dead-weight  v e r t i c a l  t i r e  l o a d  ( independcnr  o f  t h e  
t e s t  bed) i n  t h e  range 6 0 0  t o  2 0 0 0  l b .  may be used.  The t e s t  
wheel i s  a t t a c h e d  t o  t h e  t e s t  bed through a  t r a n s d u c ~ r  s e n s j  - 
t i v e  t o  l o n g i t u d i n a l  and l a t e r a l  t i r e  f o r c e s  and a l i g n i n g  moment. 
C a l i b r a t i o n  t e s t s  show t r a n s d u c e r  accuracy  t o  be  approximately 
t 1 . 5  p e r c e n t  of f u l l  s c a l e  a s  c a l i b r a t e d  ' b n  t r u c k , "  under a l l  
c o n d i t i o n s  of  load ing .  
The on-board d a t a  a c q u i s i t i o n  sys tem,  c o n s i s t i n g  of an F7.1 
magnet ic  t a p e  r e c o r d e r  and a  l i gh t -beam o s c i l l o g r a p h ,  i s  mounted 
i n  t h e  s l e e p e r  p o r t i o n  o f  t h e  t r a c t o r  cab a long w i t h  t e s t  wheel 
c o n t r o l  i n s t r u m e n t a t i o n .  E l e c t r i c a l  power f o r  t h e  i n s t r u m e n t a t i o n  
i s  s u p p l i e d  by an on-board  g a s o l i n e - f u e l e d  6 . 4  KW AC g e n e r a t o r .  
Other  t e s t  d a t a  recorded  a r e  t r e a d  s u r f a c e  t empera tu re  (from an 
i n f r a r e d  r ad iomete r  mounted above t h e  t e s t  t i r e ) ,  t e s t  wheel a n g u l a r  
v e l o c i t y ,  and t e s t  bed v e l o c i t y .  These l a s t  two q u a n t i t i e s  y i e l d  
a  p r e c i s e  measure of  t e s t  t i r e  l o n g i t u d i n a l  s l i p .  
The t e s t  wheel i s  d r i v e n  by a  h y d r a u l i c  motor which a l lows 
t e s t  wheel speed  t o  be v a r i e d  independen t ly  of  t e s t  bed speed .  
The h y d r a u l i c  motor i s  c o n t r o l l e d  from t h e  cab and o p e r a t e s  i n  
t h r e e  modes: s t e a d y - s t a t e  ( c o n s t a n t )  s l i p ,  s l i p  va ry ing  l i n e a r l y  
wi th  t i m e ,  and s i n u s o i d a l  s l i p  v a r i a t i o n  w i t h  t ime.  The Pas t  
two modes a r e  c o n t r o l l e d  by au tomat i c  programs t o  c y c l e  t h e  
l o n g i t u d i n a l  s l i p  between a d j u s t a b l e  l i m i t s  i n  an a d j u s t a b l e  
t ime span .  
E i t h e r  b r a k i n g  o r  d r i v i n g  t o r q u e  i s  developed by d r i v i n g  t h e  
t e s t  wheel a t  a  r o t a t i o n a l  r a t e  co r re spond ing  t o  a l i n e a r  v e l o c i t y  
l e s s  t h a n  o r  g r e a t e r  than  t h a t  o f  t h e  t e s t  bed .  Th i s  method of  
g e n e r a t i n g  b r a k i n g  t o r q u e  has s e v e r a l  advantages  o v e r  b rak ing  by 
a  c o n v e n t i o n a l  mechanical  b r a k e  (drum o r  d i s c ) .  A t i r e  c o n t r o l l e d  
by a  mechanica l  b r a k e  e x h i b i t s  ex t r emely  r a p i d  lock-up  a f t e r  
deve lop ing  i t s  peak b r a k i n g  f o r c e  and t h e  d a t a  i s  prone  t o  s p u r i o u s  
t r a n s i e n t s .  The mobile  t i r e  t e s t e r  i s  a b l e  t o  c o n t r o l  t e s t  wheel 
a c c e l e r a t i o n  and d e c e l e r a t i o n  o v e r  t h e  e n t i r e  l o n g i t u d i n a l  s l i p  
range  o f  t i r e  o p e r a t i o n  ( d r i v i n g  t o  f r e e - r o l l i n g  t o  locked 
whee l ) .  
The performance c h a r a c t e r i s t i c s  o f  t h e  mobi le  t i r e  t e s t e r  
a r e  t a b u l a t e d  below: 
TEST BED ( I n t e r n a t i o n a l  H a r v e s t e r  COF 4000 d i e s e l )  
Wheelbase = 142 i n .  
Net hp = 300 a t  2100 rpm 
Gross hp = 315 a t  2100 rpm 
Max. GVW = 45,000 l b  
Max. speed  = 70 mph 
T o t a l  p r e s e n t  weight  = 23,687 l b  
TEST WHEEL SPECIFICATIONS 
Max. v e r t i c a l  l oad  
Max. b r a k i n g  t o r q u e  
Max. s t e e r  a n g l e  
= 2000 l b  
= 1500 f t .  l b s ,  
= 20' (can b e  i n c r e a s e d  t o  26' 
w i t h  c e r t a i n  m o d i f i c a t i o n s )  
LONGITUDINAL SLIP CONTROL SYSTEM 
Hydreco Model 110 v a r i a b l e  d i sp lacemen t  pump d r i v i n g  
a  Hydreco motor capab le  o f  g e n e r a t i n g  190 hp ( e . g . ,  
Fx = 1000 l b  a t  70 mph) . (This  sys tem w i l l  d r i v e  t h e  t e s t  
wheel a t  0% wheel s l i p  a t  55  mph o r ,  a t  4 5  mph, t h e  t e s t  
wheel may be d r i v e n  a t  - 3 0 %  s l i p ,  t h e r e b y  producing  a  d r i v i n g  
f o r c e  r a t h e r  t h a n  a  b r a k i n g  f o r c e . )  
A s t e a d y - s t a t e  l a t e r a l  s l i p  i s  ach ieved  by prs::ct.!ir2g t h e  
t i r e - t r a n s d u c e r  assembly t o  a  s t e e r  a n g l e  -re,93tive t n  t h e  Pes t  
bed. L o n g i t u d i n a l  s l i p ,  v i ~  t h e  h y d r a u l i c  mo to r ,  can be ap;:~li el3 
a r  t h e  d r i v e  s h a f t  d i s c o n n e c t e d  from the t e s t  .;'--221 i'l)r pc- ' : , : t . i i lg  
f r e e - r o l l i n g  l a t e r a l  f o r c e  rneasurcjn~ents, !i ~neas:ircment o f  
r ~ l l i n g  r e s i s t a n c e  i s  o b t a i n c d  h v  o p e r a t i n g  tit- : e s t  wheel i?  a 
i r e e - r o l l i n g  mode a t  ze ro  degree  s l i p  a n g l e .  
An a d d i t i o n a l  f e a t u r e  i s  t.he on-board  540  y a i ,  w a t e r  t e n k  
wi th  a r e m o t e - c o n t r o l l e d  g a t e  va lve  and road  su :  f a c c  d e l i ~ + ; i - y  
;:ystem. The flow r a t e  i s  a d j u s t e d  w i t h  vre;.-:liicle spci .J  ?.i:, obtair r  
i h e  amount o f  w a t e r  r e q u i r e d  t o  produce t h e  d e s i r e d  w a t e r  d e p t h ,  
. . .  .... . . .  - - -  + .- 
i 
1 i-.- -..-- 
I 
i 1 -  .. 
i . I . ! 
i 
>- --. . -. -. 
4 
I . . . .  i HSRI Mobile Tire Tester Braking Force , 
' ,  
: ............... -. A Calibration Using Federal Highway Admin- -! .__- -. 
istration Force Plate at Texas Transpor- i 
tation Institute. 1200 Pounds Vertical 
. . . .  - Load, February 19, 1974. 
Data Points 
Calibration Force Transducer Response - - - 
. O  pounds 0 Volts 
100 ,115 
200 ,232 




8 0 0 , 9 3 7  
.2 . 4  . 6  . 8  1.0 
Amplified Transducer Response, Volts 
APPENDIX 2 
ASTM T I R E  S K I D  NUMBERS 
Concre te  
. 4 0  
. 4 1  
.39 
. 4 2  
. 3 9  
" 4 0  
. 4 0  
. 4 0  
J e n n i  t e  
Note t h a t  t h e s e  v a l u e s  a r e  q u i t e  d i f f e r e n t  from t h o s e  o b t a i n e d  
on t h e  same s u r f a c e  by t h e  same d e v i c e ,  t h e  mobi le  t i r e  t e s t e r ,  
i n  February  1972. The 1972 d a t a ,  u s i n g  t i r e  Z M - 3 ,  i s :  
The c o n c r e t e  and a s p h a l t  s u r f a c e s  have changed c o n s i d e r a b l y  i n  
t h e  i n t e r v e n i n g  two y e a r s .  
APPENDIX 3 
TEST RESULTS 
MAXIMUM BRAKING FORCE (%) VERSUS LOCK-UP TIME (LT) 
Concrete 
AM-17 
1.03 s e c  
71 7 
2.10 s e c  
71 5 
. 7 0  s e c  --
773 
.81 s e c  
AM- 19 
1.28 s e c  .78 s e c  
788 
.58 s ec  
768 
2.31 s e c  
BM- 13 
1.02 s e c  
69 8 
. 6 3  s e c  .71 s e c  2.36 s e c  
69 8 
CM- 17 
1.17 s e c  .72 s e c  1.06 s e c  2.29 s e c  
hThe symbol s tands  f o r  i n f i n i t e  lock-up time and more c o r r e c t l y  
i d e n t i f i e s  the  maximum braking fo rce  t h a t  was ob ta ined  under f i x e d  
o r  s teady  s l i p  condi t ions .  
. 4 4  sec 
322 
3 3 . 2 7  
1 1 . 0 9  
9  
. 6 6  s ec  
75 8 
2 9 . 9 3  
9 . 4 6  
1 0  
. 4 7  s ec  
614  
9 5 . 3 9  
3 0 . 1 6  
1 0  
. 4 3  sec 
629 
5 7 . 3 9  
1 8 . 1 4  
1 0  
FM- 3  
. 5 2  s e c  . R S  sec - 
346 3 31 
2 6 . 6 2  4 5 . 8 3  
8 . 8 7  1 6 . 2 0  
9 n 
ZM- 5  
- 8 4  s e c  1 . 2 4  s ec  
759 775 
3 1 . 8 5  1 3 . 2 9  
1 0 . 0 7  4 . 7 0  
1 0  8  
Jennite 
AM- 1 7  
' 5 8  s e c  - 7 4  sec 
6 5 0  6 3 5  
AM-19 
. 4 9  sec  . 8 4  sec 
5 9 8  610  
6 5 . 1 7  5 5 . 5 0  
2 0 . 6 1  1 9 . 6 2  
1 0  8  
2 . 0 7  sec a 
294 3 1 1  
3 3 . 2 5  
2 , 7 4  s e c  03 .- 
769 775 
12.1.8 
4 . 3 0  
8  
2 . 2 8  sec a - 
777 782 
3 6 . 1 9  
1 1 . 4 4  
1 0  1 
2 . 1 2  sec  (r; ---. 






















.51 sec . 7 8  sec 2.13 sec - 03 
596 632 601 612 
57.17 46.98 17.42 
19.05 15.66 5.50 
9 9 10 
CM- 17 
.60 sec .76 sec 
5 39 527 
54.57 39.37 
FM- 3 
.46 sec .81 sec 
106 125 
ZM- 5 




















LT . 6 9  sec  - 8 3  sec 1.11 sec  a ---- 2 . 4 7  sec 
F 
X 
782 782 736 73?  72 7  
a 3 9 . 3 4  5 0 . 6 9  2 0 . 2 0  3 1 . 5 6  





8 3 4 . 5 2  
8 m 1 0 . 9 1  
n 1 0  
. 6 7  sec  
6 2 8  
3 0 . 9 6  
9 . 7 9  
1 0  
. 6 1  s ec  
7 2  5 
4 6 . 9 3  
2 0 . 9 9  
5 
AM-19 
1 . 0 3  s e c  1 . 5 3  sec  2 . 3 7  s-c  a -- 
864  8 4 8  79 3  80 8  
2 5 . 9 9  3 5 . 5 3  2 9 . 9 4  
8 . 2 1  1 2 . 5 6  1 0 . 5 8  
1 0  8  8 
BM- 1 3  
- 8 6  s e c  1 . 1 0  sec  
- 8 0  s ec  1 . 2 2  s e c  
765 79 2  
3 1 . 6 5  3 7 . 3 6  
1 0 . 0 0  1 3 . 2 1  
1 0  8  
2 . 4 4  s ec  a 
2 . 3 1  sec  

APPENDIX 4 
EXAMPLE OF STATISTICAL PROCEDURES EMPLOYED USING 
DATA FROM TIRE AM-17 ON CONCRETE 
A.  COCHRAN'S TEST FOR HOMOGENEITY OF VARIANCE [ 4 ]  
Variance = 8 2 
- a 2  max 
- ," e 2  
j = 1  j 
C r i t i c a l  v a l u e  of  C from t a b l e s  [ 4 ]  i s  - 5 0 2  f o r  a = . 05 ,  
f o u r  v a r i a n c e s ,  t e n  samples p e r  v a r i a n c e .  The computed va lue  
does n o t  exceed t h e  t a b u l a t e d  v a l u e ,  t hus  we a c c e p t  t h e  hypo thes i s  
t h a t  t h e  p o p u l a t i o n  v a r i a n c e s  a r e  a l l  e q u a l .  
B .  ANOVA [ 4 ]  
Again we w i l l  be comparing a computed s t a t i s t i c  t o  a 
t a b u l a t e d  v a l u e .  
where 
and 
- MS1 - denominator  o f  C 3109.89 =-ka 
= 7 7 7 . 4 7  ( s i n c e  a l l  n ' s  a r e  e q u a l )  
The a p p r o p r i a t e  t a b u l a t e d  v a l u e  o f  F i s  2.88 [ J ] .  The 
computed v a l u e  exceeds t h i s  t a b u l a t e d  v a l u e ,  t h u s  we r e j e c t  t h e  
hypo thes i s  t h a t  t h e  f o u r  " t r ea tmen t s"  ( lock-up  r a t e s )  a l l  had an 
e q u a l  e f f e c t .  
C.  NEWMAN-KEULS METHOD [ 4 ]  
This  procedure  t e s t s  f o r  s i g n i f i c a n t  d i f f e r e n c e s  between p a i r s  
of means. The s t a t i s t i c  used i s  
where r i s  t h e  number of  s t e p s  two means a r e  a p a r t  on an o rde red  
s c a l e .  In p r a c t i c e ,  t h e  e x p r e s s i o n  i s  r e - w r i t t e n  t o  d e f i n e  t h e  
d i f f e r e n c e  as  
* I n  c a s e s  where t h e  n ' s  a r e  n o t  a l l  e q u a l ,  a  harmonic n  shou ld  
be used ;  
and qr  i s  o b t a i n e d  from t a b l e s .  MSI = 777.47 as  found i n  p a r t  B 
and n  = 10 ,  
The Newman-Keuls method i s  b e s t  i l l u s t r a t e d  i n  t h e  fo l lowing  
t a b l e  of  o r d e r e d  d i f f e r e n c e s .  
Treatments  4  3 2 - 1 --- -- 
Me an s 715 7 1  7 742 7 7 3  r y v ' q x  r 
4 715 x 7x 58-- - - - 4  - -. - 2 --.- 3 3 . 5 6 
\ \ 
Z \ 
3 7 1 7  2 5 56-  .- - 3 - - -39.48 - '. 
\ 
2 7 4 2  31- - - 2  - - - -25.28 
The body o f  t h e  t a b l e  c o n t a i n s  d i f f e r e n c e s  between means. 
The means a r e  o rde red  from lowest  t o  h i g h e s t .  Dashed Pines 
connect  d i f f e r e n c e s  of e q u a l  r ;  t h e s e  d i f f e r e n c e s  o f  equa l  r l i e  
on d i a g o n a l s .  ( r  i s  d e f i n e d  such t h a t  a mean i s  "one s t e p "  away 
from i t s e l f ;  t h u s  t h e  s m a l l e s t  p r a c t i c a l  va lue  o f  r i s ,  2 . )  The 
v a l u e s  of  t h e  c r i t i c a l  d i f f e r e n c e  between o rde red  means f o r  each 
r ,  q r & T  , a r e  d i s p l a y e d  on t h e  r i g h t .  
o b t a i n e d  from Tables  143 f a r  N-k = 36 
degrees  o f  freedom, a = . 0 5 .  
Beginning wi th  r = 4 ,  t h e  d i f f e r e n c e  between means r e s u l t i n g  
from t r e a t m e n t  1 ( t h e  f a s t e s t  lock-up  r a t e )  and t r e a t m e n t  4  ( t h e  
2.4-second r a t e )  i s  58  which exceeds t h e  c r i t i c a l  va lue  o f  3 3 . 5 6 .  
T h e r e f o r e ,  t h e s e  two va lues  of \ a r e  s i g n i f i c a n t l y  d i f f e r e n t .  
For r = 3 ,  t h e  mean va lue  of  t r e a t m e n t  2 i s  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  of  t r e a t m e n t  4 ,  b u t  1 i s  d i f f e r e n t  from 3 ;  
i . e . ,  2 7  does n o t  exceed 30.48 b u t  56 does exceed i t .  For r = 2 ,  
t r e a t m e n t s  3 and 4 ,  and 2 and 3 do n o t  d i f f e r  s i g n i f i c a n t l y  w h i l e  
1 and 2 do .  These r e s u l t s  may be summarized a s  fo l lows :  
symbol iz ing  t h a t  t h e  t h r e e  s lower  lock-up  r a t e s  produced mean 
va lues  of  peak b rak ing  f o r c e  t h a t  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  
among themselves b u t  t h a t  d i d  a l l  d i f f e r  from t h a t  produced by 
t h e  f a s t e s t  lock-up  r a t e .  
I t  was n o t  p o s s i b l e  t o  i n c l u d e  t h e  mean v a l u e  from t h e  
s t e a d y - s t a t e  t e s t ,  t r e a t m e n t  5 ,  i n  t h e  Newman-Keuls procedure  
s i n c e  i t  i s  a  s i n g l e  specimen. However, s i n c e  t h i s  s t e a d y - s t a t e  
v a l u e ,  7 2 0 ,  i s  w e l l  w i t h i n  t h e  t 2 Om limits on t h e  mean va lue  
r e s u l t i n g  from t h e  2.4-second t e s t ,  t r e a t m e n t  4 ,  t h e  two t r e a t m e n t s  
a r e  regarded  a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t :  
The r e s u l t s  f o r  t i r e  AM-17 on concre te  can then be summarized 
as 
PART I 1  
TIRE-TRACTION GRADING NUMERICS DESCRIPTIVE OF TIRE 
SIDE-FORCE CHARACTERISTICS 
The n e c e s s i t y  f o r  o b t a i n i n g  t i r e  q u a l i t y  g rad ing  numerics  
which r e l a t e  t o  t i r e  s i d e ,  o r  l a t e r a l ,  s h e a r  f o r c e  c h a r a c t e r i s t i c s  
d e r i v e s  from t h e  r e c e n t  f i n d i n g  t h a t  t h e  maximun: l a t e r a l  f o r c e  
(MLF) r ank ing  of a  t i r e  group shows poor  c o r r e l a t i o n  w i t h  t h e  
maximum b r a k i n g  f o r c e  (MBF) r ank ing  o f  t h e  same t i r e  group [ I ] .  
Although t h e  c o r r e l a t i o n  o f  an MLF r ank ing  w i t h  an FIBF r a n k i n g  
i s  found t o  b e  somewhat dependent  on t e s t  s u r f a c e ,  t h e  e x p e r i -  
mental  ev idence  i n d i c a t e s  t h a t  i t  i s  i n s u f f i c i e n t  t o  g rade  t i r e  
t r a c t i o n  q u a l i t y  on t h e  b a s i s  of  t i r e  b r a k i n g ,  o r  l o n g i t u d i n a l ,  
f o r c e  numerics  a l o n e .  P a r t  I 1  of t h i s  r e p o r t  d e a l s  w i t h  t h e  con- 
d e n s a t i o n  o f  f r e e - r o l l i n g  l a t e r a l  t i r e  f o r c e  d a t a  i n t o  s e v e r a l  
key numerics  which ( a )  r e l a t e  t o  v e h i c l e  d i r e c t i o n a l  c o n t r o l  
( v i z ,  s m a l l  c o r r e c t i o n a l  maneuvers and l imi t -maneuver  performance)  
and ( b )  rank t i r e s  accord ing  t o  t h r e e  independent  l a t e r a l  t r a c t i o n  
q u a l i t i e s ,  v i z ,  (1) c o r n e r i n g  s t i f f n e s s ,  (2) MLF a t  a  nominal 
speed  and ( 3 )  t h e  speed  s e n s i t i v i t y  o f  MLF. 
The s e l e c t i o n  r a t i o n a l e  and t h e  a p p l i c a t i o n  of t h e s e  t h r e e  
s i d e  f o r c e  numerics a r e  d i s c u s s e d  below. 
2 . 1  CORNERING STIFFNESS, Ca 
The c o r n e r i n g  s t i f f n e s s ,  'a i s  d e f i n e d  a s  t h e  n e g a t i v e  
v a l u e  of  t h e  d e r i v a t i v e  o f  l a t e r a l  s h e a r  f o r c e ,  Fy, w i t h  r e s p e c t  
4 
t o  s l i p  a n g l e ,  a ,  v i z ,  
d ry  s u r f a c e  
s p e c i f i e d  l o a d  and p r e s s u r e  
Although c o r n e r i n g  s t i f f n e s s  may be  e v a l u a t e d  a t  any s e t  o f  
o p e r a t i n g  c o n d i t i o n s  ( e . g . ,  l o a d ,  p r e s s u r e ,  v e l o c i t y ,  s l i p  a n g l e ,  
e t c . ) ,  t h e  above d e f i n i t i o n ,  as  a p p l i e d  t o  q u a l i t y  g r a d i n g  
p u r p o s e s ,  r e q u i r e s  t h a t  i t  be  e v a l u a t e d  a t  t h e  o r i g i n  o f  t h e  F 
Y 
v e r s u s  a d a t a  p l o t  a s  o b t a i n e d  on a  d ry  s u r f a c e  w i t h  t h e  t i r e  
o p e r a t e d  a t  a  s p e c i f i e d *  l o a d  and p r e s s u r e .  
The r a t i o n a l e  f o r  e v a l a a t i n g  C a t  t h e  o r i g i r .  o f  t h e  F a Y 
v e r s u s  a d a t a  p l o t  d e r i v e s  from t h e  expe r imen ta l  ev idence  i n d i c a t i n g  
t h a t ,  a t  s m a l l  s l i p  a n g l e s ,  t h e  l a t e r a l  f o r c e  Jeveleped by a  t i r e  
can  b e  approximated by a  l i n e a r  e q u a t i o n ,  v i s ,  
Equat ion  ( 2 )  i s  a  key component i n  most computer s i m u l a t i o n s  
of  v e h i c l e  dynamic performance which a r e  r e s t r i c t e d  t o  s m a l l  
c o u r s e - c o r r e c t i o n a l  maneuvers-such a s  normal t u r n i n g  maneuvers.  
This  l i n e a r  r e l a t i o n s h i p  between l a t e r a l  f o r c e  and s m a l l  s l i p  
a n g l e s  i s  a l s o  u t i l i z e d  i n  t h e  a n a l y s i s  o f  v e h i c l e  s t a b i l i t y .  
The c o r n e r i n g  s t i f f n e s s  p a r a m e t e r ,  C a ,  i s  c l e a r l y  a  c r u c i a l  
numeric  which shou ld  be i n c l u d e d  i n  t h e  s e t  o f  t i r e  q u a l i t y  
g r a d i n g  numer ics .  
A comparison of mobile  t i r e  t e s t e r  d a t a  o b t a i n e d  a t  40  mph 
on two d ry  s u r f a c e s ,  a s p h a l t  and c o n c r e t e ,  w i t h  f l a t  bed measure-  
ments made on t h e  same t i r e s  s u g g e s t s  t h a t  Ca i s  r e l a t i v e l y  
independent  of  speed  and s u r f a c e .  A comparison f o r  a  f o u r - t i r e  
group,  which i n c l u d e s  two c o n s t r u c t i o n s  and t h r e e  a s p e c t  r a t i o s ,  
i s  given i n  Tab le  1. 
I n  examining Table  1, i t  appears  t h a t  t h e  s l i g h t l y  h i g h e r  
v a l u e s  of  Ca o b t a i n e d  on t h e  mobi le  t i r e  t e s t e r  d a t a  may be  du.8 
@The s p e c i f i e d  l o a d  and p r e s s u r e  would be t h e  v a l u e s  p r ~ p o s e d  
f o r  l o n g i t u d i n a l  t r a c t i o n  q u a l i t y  g r a d i n g  [ Z ] .  
TABLE 1 
COMPARISON OF CORNFRING STIFFNESS VALUES DERIVED FROM 
FLAT BED DATA AND MOBILE TIRE TESTER DATA OBTAINED AT 
40 MPH ON DRY ASPHALT AND DRY CONCRETE TEST SURFACES 
Corner ing  S t i f f n e s s ,  C, ( lb /deg)  
Mobile Mobile 
T e s t  Method: F l a t  Bed (Asphal t )  (Concrete)  
S i z e  Type 
F78-14 Be l t ed -Bias  162 177 163 
F60-14 Be l t ed -Bias  200 208 187 
FR70-14 Rad ia l  175 175 159 
FR70-14 Rad ia l  168 1 7 2  175 
t o  c e n t r i f u g a l - f o r c e  s t i f f e n i n g  o f  t h e  t i r e  c a r c a s s .  Lower Cat 
l e a s t  t e n  p e r c e n t )  va lues  of  Ca a r e  measured when t h e  same t i r e s  
a r e  t e s t e d  a t  highway speeds  on wet s u r f a c e s  w i t h  t h e s e  reduced 
v a l u e s  presumably r e s u l t i n g  from a  d e c r e a s e  i n  c o n t a c t  l e n g t h  
due t o  w a t e r  f i l m  p e n e t r a t i o n  o f  t h e  c o n t a c t  p a t c h .  
The c o r n e r i n g  s t i f f n e s s ,  Ca, d e r i v e d  accord ing  t o  Equat ion  
(1) w i t h  d a t a  measured on a  dry paved s u r f a c e ,  i s  h e r e i n  proposed 
a s  a  t i r e  q u a l i t y  g rad ing  numeric  which r e l a t e s  e n t i r e l y  t o  t h e  
i n f l u e n c e  of t i r e  s t r u c t u r a l  c h a r a c t e r i s t i c s  on v e h i c l e  d i r e c t i o n a l  
c o n t r o l .  The remainder  of t h i s  r e p o r t  i s  concerned w i t h  numerics  
t h a t  r e l a t e  t o  t h e  f r i c t i o n a l  performance o f  a  t i r e - r o a d  
combinat ion.  
2 . 2  MAXIMUM LATERAL FORCE AND ITS SENSITIVITY TO VELOCITY 
A r e c e n t  s t u d y  of speed  g r a d i e n t  d a t a ,  which i n v a l v e d  
c a l c u l a t i n g  a  number o f  rank  c o r r e l a t i o n s  f o r  a  group of  e l e v e n  
t i r e s  ranked accord ing  t o  each o f  t h r e e  b r a k i n g  f o r c e  va lues  
(maximum b r a k i n g  f o r c e ,  locked  wheel b r a k i n g  f o r c e ,  and b r a k i n g  
f o r c e  a t  80% l o c k - u p ) ,  a s  measured a t  one s p e e d ,  w i t h  t h e  same 
s e t  o f  t i r e s  ranked a t  a  d i f f e r e n t  speed ,  has  concluded t h a t  
i t  i s  i n s u f f i c i e n t  t o  u t i l i z e  t i r e  t r a c t i o n  g r a d i n g  numerics  
measured a t  a  s i n g l e  t e s t  speed  [ X I .  The r e f e r e n c e d  szudy found 
poor  c o r r e l a t i o n  between t h e  v a r i o u s  b r a k i n g  f o r c e  r ank ings  a t  
20, 40,  and 55 mph. 
Examinat ion of  F i g u r e  1, which shows maximum l a t e r a l  f o r c e  
d a t a  f o r  t e n  t i r e s  a t  t h r e e  speeds  on two s u r f a c e s ,  i n d i c a t e s  
t h a t  maximum l a t e r a l  f o r c e  r ank ings  made a t  d i f f e r e n t  speeds  w i l l  
a l s o  c o r r e l a t e  p o o r l y .  Apparen t ly ,  c e r t a i n  a s p e c t s  o f  t i r e  
c o n s t r u c t i o n ,  most p robab ly  t h e  t r e a d  p a t t e r n ,  have a s u b s t a n t i a l  
i n f l u e n c e  on t h e  speed  s e n s i t i v i t y  of maximum l a t e r a l  f o r c e  
measured on a  wet s u r f a c e .  I t  i s  a l s o  e v i d e n t ,  from t h e  d a t a  
shown i n  F igure  1, t h a t  pavement s u r f a c e  has  a measurable  i n f l u e n c e  
on t h e  speed  s e n s i t i v i t y  of  maximum l a t e r a l  f o r c e .  
The v a r i a t i o n  o f  l a t e r a l  f o r c e  w i t h  v e l o c i t y  has  been t h e  
s u b j e c t  o f  numerous wet t r a c t i o n  t e s t  programs.  The t e s t  d a t a  
g a t h e r e d  has  i n v a r i a b l y  i n d i c a t e d  a  l i n e a r  d e c r e a s e  o f  l a t e r a l  * 
f o r c e  a s  t i r e  v e l o c i t y  i n c r e a s e s .  The r a t e  of  d e c r e a s e  i s  found 
t o  depend on many f a c t o r s  and i s  i n f l u e n c e d  by pavement s u r f a c e  
c o n d i t i o n s  a s  w e l l  as t i r e  v a r i a b l e s .  
A t h e o r y  on t h e  wet c o r n e r i n g  t r a c t i o n  of f r e e - r o l l i n g  t i r e s  
has  been proposed by Ve i th  [ 4 ] .  V e i t h ' s  t h e o r y ,  which i s  based  
on t h e  g e n e r a l l y - a c c e p t e d  assumption t h a t  e las tohydrodynamic  
l u b r i c a t i o n *  p r e v a i l s  over  t h e  major  p o r t i o n  of  t h e  wet t r a c t i o n  
c o n t a c t  r e g i o n ,  p r e d i c t s  t h e  l i n e a r i t y  of  speed  g r a d i e n t  d a t a  
from t h e  p o s t u l a t e  t h a t  t h e  f r a c t i o n  o f  t h e  t i r e  c o n t a c t  a r e a  which 
i s  i n  t h e  e las tohydrodynamic  mode of l u b r i c a t i o n  i s  a  l i n e a r  
f u n c t i o n  of  speed .  This  t h e o r y ,  which i s  r e a l l y  a  h y p o t h e s i s ,  i s  
w e l l  s u b s t a n t i a t e d  by t h e  l i n e a r i t y  o f  t r a c t i o n  d a t a  o b t a i n e d  
hElastohydrodynamic l u b r i c a t i o n  r e f e r s  t o  t h e  s i t u a t i o n  where 
e l a s t i c  s u r f a c e  de fo rma t ion  p l a y s  a  s i g n i f i c a n t  r o l 2  i n  t h e  
hydrodynamic l u b r i c a t i o n  p r o c e s s .  
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from t i r e s  of  d i f f e r e n t  c o n s t r u c t i o n s ,  s i z e s ,  t r e a d  p a t t e r n s ,  
and t r e a d  compounds. Linear  r e l a t i o n s h i p s  between t r a c t i o n  and 
speed a r e  a l s o  found when t i r e s  a r e  t e s t e d  on s u r f a c e s  of v a r i o u s  
m a t e r i a l s  and t e x t u r e s  and f o r  t e s t s  nade i n  vary ing  depth of 
wa te r  cover .  P o t t i n g e r  and V e i t h  [59 r e p o r t  t h a t  w e l l  over  500 
such p l o t s  of l a t e r a l  f o r c e  ve r sus  v e l o c i t y  have been made, 
Cornering f r i c t i o n  c o e f f i c i e n t s  as  low as  . 0 4  halie been : ~ b t a i n e d  
t 
and a l l  evidence t o  d a t e  i n d i c a t e s  t h a t  t r a c t i o n  reduces l i n e a r l y  
wi th  speed down t o  t h i s  lower l i m i t .  
This above-referenced  r e s e a r c h  i s  c i t e d  a s  j u s t i f i c a t i o n  f o r  
u t i l i z i n g  a  minimum number of  measurements of maximum l a t e r a l  
f o r c e  versus  speed t o  a s c e r t a i n  t h e  v e l o c i t y  s e n s i t i v i t y  of 
maximum l a t e r a l  f o r c e .  A l i n e a r  r e g r e s s i o n  a n a l y s i s  has  been 
a p p l i e d  t o  t h e  s p e e d - g r a d i e n t  d a t a  c o n s i s t i n g  of t h r e e  d a t a  p o i n t s  
'f f o r  each t i r e  (on each s u r f a c e )  as  shown i n  F igure  1. The 
r e s u l t i n g  l i n e a r  r e g r e s s i o n  l i n e s ,  as  shown i n  t h e  f i g u r e ,  appear  
I 
t o  f i t  t h e  d a t a  extremely w e l l .  The p o o r e s t  r e g r e s s i o n  c o r r e l a -  
t i o n  c o e f f i c i e n t  found i n  t h i s  a n a l y s i s  exceeded , 9 4  (1 .0 i n d i c a t e s  
t h a t  a l l  p o i n t s  l i e  on a  s t r a i g h t  l i n e ) .  
Two l a t e r a l  t r a c t i o n  numerics can be de r ived  from t h i s  
l i n e a r  r e g r e s s i o n  approximation o f  maximum l a t e r a l  f o r c e  as  a  
f u n c t i o n  of  speed .  These numer ics ,  which d e f i n e  t h e  r e g r e s s i o n  
l i n e  i t s e l f ,  a r e :  
(1)  MLF40 - t h e  maximum l a t e r a l  f o r c e  p r e d i c t e d  by t h e  
r e g r e s s i o n  a t  40 mph 
dMLF 
( 2 )  7 - t h e  s l o p e  of t h e  speed g r a d i e n t  r e g r e s s i o n  
l i n e .  
Although any p o i n t  on t h e  r e g r e s s i o n  l i n e  cou ld  be used f o r  
d e f i n i n g  t h e s e  numer ics ,  i t  i s  r easonab le  t o  s e l e c t  t h e  :peed 
of 40 mph, t h i s  be ing  t h e  v e l o c i t y  proposed f o r  l o n g i t u d i n a l  
'I 
t r a c t i o n  q u a l i t y  g rad ing  [ Z ] .  
# I t  i s  convenient t o  r ep re sen t  t h e  above numerics by t h e  
symbols, C1 and C 2 ,  r e s p e c t i v e l y ,  v i z ,  
With t he se  d e f i n i t i o n s ,  t he  equat ion of t he  l i n e a r  speed g rad i en t  
r eg re s s ion  l i n e  i s  
where MLF(V) i s  t h e  maximum l a t e r a l  f o r ce  expressed a s  a  func t ion  
o f  v e l o c i t y .  
As t i r e  t r a c t i o n  research  has no t  progressed t o  t he  po in t  
where pavement s u r f a c e  c h a r a c t e r i s t i c s  can be def ined ,  reproduced, 
and s t anda rd i zed ,  t h e r e  i s  no recourse  o t h e r  than t o  measure C1 
and C 2  on a t  l e a s t  two d i f f e r e n t  su r f aces .  The t e s t  su r f aces  used 
should e x h i b i t  v a r i a t i o n  i n  both m a t e r i a l  and t e x t u r e .  The 
a spha l t  and concre te  su r f aces  proposed f o r  l o n g i t u d i n a l  t r a c t i o n  
q u a l i t y  grading [ 2 ]  a r e  l o g i c a l  cho ices .  The f r i c t i o n a l  p e r f o r -  
mance v a r i a t i o n  found on a spha l t  and concrete  su r f aces  i s  ev iden t  
i n  t he  d a t a  p l o t t e d  i n  F igure  1. The v a r i a t i o n  i n  f r i c t i o n a l  
performance i s  q u a n t i f i e d  by t h e  numerics C1 and C 2 ,  l i s t e d  f o r  
both su r f aces  i n  Table 2 .  
INTERPRETATION OF LATERAL TRACTION QUALITY GRADING NUMERICS 
The r e l a t i o n s h i p  of t he  l a t e r a l  t r a c t i o n  q u a l i t y  grading 
numerics, C a ,  C1, and C 2 ,  t o  t i r e  p r o p e r t i e s  i s  e luc ida t ed  by a  
s tudy of t he se  numerics l i s t e d  i n  Table 2 ,  which were obta ined 
f o r  1 0  highway t r e a d  F - s i z e  t i r e s  of v a r i o u s . a s p e c t  r a t i o s  ( a l l  
on 14- inch  r ims ) .  A l l  f i v e  of t h e  major manufacturers a r e  
represen ted  i n  t h i s  t i r e  sample. 
TABLE 2  
REGRESSION ANALYSIS NUMERICS DERIVED 
FROM DATA SHOWN IN FIGTJRE 1 
MLF Regression A n a l y s i s  Tlasa a t  40 mph 
--- 
Wet A s F h 2 l t  Wet C o n c r e t e  
---- 
C MLF40 dMLF MLFGII dlMZ F T i r e  Code a 7 .---- ---- i v  - 
Bias - B178A 152 937 5 .17  554 6 . 8 6  
B e l t e d  B278A 134  752 4 . 8 3  4  8 7  5 . 3 5  
B i a s - P l y  
B278B 192 905 4 .99 630 7 . 9 5  
Radi a 1  R70A 188  782 4 . 8 1  520 4 . 1 4  
. R70B 1 8  7  631 7 . 9 1  473 5 . 9 7  
T i r e s  R70A and R70B a r e  r a d i a l - p l y  FR7O-14 t i r e s  from two 
d i f f e r e n t  manufac turers  ( F i r e s t o n e  and Goodrich) .  These t i r e s  a r e  
s i m i l a r  i n  p r o f i l e  and m a t e r i a l s  ( rayon c a r c a s s ,  rayon b e l t )  b u t  
have t r e a d  p a t t e r n s  which d i f f e r  s i g n i f i c a n t l y  i n  v o i d  p e r c e n t a g e .  
(Tread p a t t e r n  d a t a  a r e  t a b u l a t e d  i n  Table  3 . )  
TABLE 3 
TREAD PATTERN DATA FOR TWO RADIAL TIRES 
Tread Groove Depths ( i n )  Contact  P r i n t * *  
Code Arc* Ribs Shoulder  Crown Void (%)  Length ( i n )  
*Shou lde r - to - shou lde r  t r a n s v e r s e  a r c  l e n g t h  ( i n c h e s ,  u n i n f i a t e d )  
**At t e s t  l o a d  (1100 l b )  and 2 4  p s i .  The % v o i d  i s  t h e  p e r c e n t  
of  noncon tac t  a r e a  enc losed  by t h e  c o n t a c t  p e r i m e t e r .  Kerf ing  
i s  i n c l u d e d  i n  t h e  v o i d  p e r c e n t a g e .  
I n  view of  t h e  s i m i l a r  c o n s t r u c t i o n ,  p r o f i l e ,  and m a t e r i a l s ,  
i t  i s  expected  t h a t  t h e  c o r n e r i n g  s t i f f n e s s  c o e f f i c i e n t s ,  C a ,  
measured f o r  t h e s e  two t i r e s  shou ld  be n e a r l y  i d e n t i c a l ,  as  was 
found ( v i z ,  C a  = 188 and 1 8 7 ) .  The f r i c t i o n a l  performance of t h e s e  
t i r e s  on wet s u r f a c e s  i s ,  however, h i g h l y  dependent on t r e a d  p a t t e r n .  
The more open t r e a d  p a t t e r n  (47% vo id )  employed on t i r e  R70A i s  
r e s p o n s i b l e  f o r  i t s  s u p e r i o r  wet t r a c t i o n  performance a s  measured by 
t h e  numerics C1 and C 2 .  A h i g h e r  v a l u e  o f  C1 (maximum l a t e r a l  f o r c e  
a t  40  mph) was found f o r  t i r e  R70A on bo th  s u r f a c e s .  The lower va lues  
o f  C 2 ,  found f o r  R70A, i n d i c a t e  t h a t  t h e  maximum l a t e r a l  f o r c e  i s  
l e s s  s e n s i t i v e  t o  speed on t h e s e  same s u r f a c e s .  
Although i t  g e n e r a l l y  appears  t h a t  a  h i g h  maximum l a t e r a l  
f o r c e  numeric ,  C1, i s  a s s o c i a t e d  w i t h  a  h igh  c o r n e r i n g  s t i f f n e s s ,  
Ca ' t h e  wet t r a c t i o n  performance of  a  t i r e  i s  p r i m a r i l y  de termined 
by i t s  t r e a d  p a t t e r n .  The i n t e r a c t i v e  i n f l u e n c e s  of  c o r n e r i n g  
s t i f f n e s s  and t r e a d  p a t t e r n  on t h e  maximum l a t e r a l  f o r c e  numeric 
produced by t h r e e  t i r e s  of  b i a s  p l y  c o n s t r u c t i o n  i s  e v i d e n t  i n  
Table 4 .  
TABLE 4 
THE INFLUENCE OF TREAD PATTERN AND COWERING STIFFNESS 
ON MAXIMUM LATERAL FORCE PRODUCED BY THREE BIAS-FLY TIRES 
We71 Aspha l t  Wet C a n c ~ e t e  
T i r e  T i r e  P a t t e r n  
Code S i z e  Void ( % )  .- Cl C a - 
The f i r s t  two t i r e s  l i s t e d  i n  Table  4 have n e a r l y  t h e  same 
c o r n e r i n g  s t i f f n e s s ,  as  may be expec ted  from t h e i r  i d e n t i c a l  
s i z e  and s i m i l a r  m a t e r i a l s  (both  have p o l y e s t e r  c a r c a s s ) .  The 
more open t r e a d  p a t t e r n  on t i r e  B178A (45% vo id )  appea r s  t o  have 
enabled  t h i s  t i r e  t o  produce s u b s t a n t i a l l y  h i g h e r  ( i n  comparison 
t o  t h e  f o r c e  produced by t i r e  B178B) maximum l a t e r a l  f o r c e  on 
t h e  wet a s p h a l t  s u r f a c e .  * The t h i r d  t i r e  (Bl70A) has  a  sub-  
s t a n t i a l l y  h i g h e r  C a ,  p robab ly  due t o  i t s  wide r  p r o f i l e ,  and 
t h u s  produces maximum l a t e r a l  f o r c e s  comparable t o  t h e  f o r c e s  
produced by t i r e  B178B, even though t h e  p e r c e n t  v o i d  i s  
s u b s t a n t i a l l y  l e s s .  
S i m i l a r  b e h a v i o r  i s  e v i d e n t  f o r  t h e  t i r e s  of  b e l t e d - b i a s  
c o n s t r u c t i o n  which a r e  grouped i n  Table  5 .  I t  i s  s e e n  h e r e ,  a l s o ,  
t h a t  h i g h e r  c o r n e r i n g  s t i f f n e s s ,  C a y  i s  h s s o c i a t e d  w i t h  h i g h e r  
maximum l a t e r a l  f o r c e ,  C1, u n l e s s  t h e  t r e a d  p a t t e r n  has  a  low 
v o i d  p e r c e n t a g e .  T i r e  B278B, which couples  a  h igh  c o r n e r i n g  
s t i f f n e s s  w i t h  a  h igh  vo id  p e r c e n t a g e ,  produces s u b s t a n t i a l l y  
h i g h e r  maximum l a t e r a l  f o r c e  on bo th  s u r f a c e s  than  any of  t h e  
- 
*The two t e s t  s u r f a c e s  a r e  ve ry  s i m i l a r  i n  t e x t u r e ,  p o s s e s s i n g  a 
s l i g h t  macro- and moderate  m i c r o t e x t u r e .  None the le s s ,  t h e  open 
t r e a d  p a t t e r n  of t h e  B178A t i r e  was a p p a r e n t l y  more e f f e c t i v e  
on t h e  a s p h a l t  t han  on t h e  c o n c r e t e  s u r f a c e .  
TABLE 5 
THE INFLUENCE O F  TREAD PATTERN AND CORNERING STIFFNESS 
ON MAXIMUM LATERAL FORCE PRODUCED BY FIVE BELTED-BIAS TIRES" 
Wet Aspha l t  Wet Concre te  
T i r e  T i r e  P a t t e r n  
Code S i z e  Void ( 8 )  Ca C1 
*These t i r e s  a l l  have a  p o l y e s t e r  c a r c a s s  and a  f i b e r g l a s s  b e l t .  
o t h e r  t i r e s ,  i n c l u d i n g  t i r e  B 2 6 0 A  which a l s o  e x h i b i t s  h igh  
c o r n e r i n g  s t i f f n e s s  and h igh  v o i d  p e r c e n t a g e .  R e f e r r i n g  back 
t o  Tab le  2 ,  i t  i s  seen  t h a t  t i r e  B260A a l s o  has  a h i g h  speed  
g r a d i e n t  numer ic ,  C 2 ,  on both  s u r f a c e s  which may p a r t i a l l y  e x p l a i n  
why t h i s  t i r e  does n o t  produce e x c e p t i o n a l l y  h i g h  maximum f o r c e s  
even though t h e  vo id  p e r c e n t a g e  and c o r n e r i n g  s t i f f n e s s  numerics  
a r e  h i g h .  
I t  i s  d i f f i c u l t  t o  r e l a t e  t h e  speed  g r a d i e n t  numer ic ,  C2,  
t o  t i r e  c o n s t r u c t i o n  and p r o f i l e .  Apparen t ly ,  t h i s  numeric cannot  
be a s  e a s i l y  c o n t r o l l e d  a s  C1 by ad jus tmen t s  i n  t r e a d  p a t t e r n  
and c o r n e r i n g  s t i f f n e s s ,  
F i n a l l y ,  t o  show t h a t  t h e  proposed  l a t e r a l  t r a c t i o n  q u a l i t y  
g r a d i n g  numerics  a r e  independent  measures ,  rank  c o r r e l a t i o n  
c o e f f i c i e n t s  were computed f o r  t h e  10 t i r e s  ( o f  Table  2) ranked 
accord ing  t o  f a v o r a b l e  behav io r  a s  i n d i c a t e d  by t h e s e  measures .  
Table  6 l i s t s  t h e  rank c o r r e l a t i o n  c o e f f i c i e n t s  found.  The low 
a b s o l u t e  va lues  of t h e s e  c o r r e l a t i o n  c o e f f i c i e n t s  i n d i c a t e  t h a t  
Ca ' C1, and C2 a r e  indeed  independent  measures o f  t i r e  per formance .  
TABLE 6 
RANK CORRELATION COEFFICIENTS FOR 10 TIRES W,NKED 
ACCORDING TO LATERAL TRACTION MEASURES C C1, C 2  a ' 
Rank Corre l t i t ion  -- C o e f f i c i e n t  -- 
Measures -. Asphalt Concrete --.--.-- 
Ca V S .  C 2  - . 4 9 1  - , 4 4 2  
C1 VS. C 2  + . 2 9 7  - - 5 8 5  
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